Purpose: It is unclear whether the muscular changes in mechanically-ventilated traumatic brain injury patients (TBI) are only associated with disuse or additionally to neuromuscular electrophysiological disorders (NED). The correlation between muscle atrophy and NED may affect functional outcomes and rehabilitation programs significantly. Material and methods: An observational study was performed to investigate the presence of NED and muscle atrophy in TBI patients undergoing mechanical ventilation. NED was diagnosed by the stimulus electrodiagnosis test when chronaxie was ≥ 1000 μs. The muscle structure (thickness and echogenicity) was assessed by Bmode ultrasound. Tibialis anterior (TA), rectus femoris (RF), and biceps brachialis (BB) muscles were analyzed. Patients were followed from the first day of admission in the intensive care unit (ICU) to the fourteenth day. Results: Twenty-two patients were analyzed. An increase of 48% in NED from day 1 to day 14 was detected in TA (p = 0.004). All muscles presented a significant decrease in thickness (~18%, p b 0.05), but echogenicity increased only in TA (19%), p b 0.01 and RF (23%), p b 0.01. Conclusions: Mechanically-ventilated patients with TBI developed NED in addition to changes in muscle structure during their stay in the ICU.
Introduction
Traumatic brain injury (TBI) is a globally important public health problem. It is one of the main causes of disability, morbidity, and mortality at all ages worldwide [1] . The outcomes from severe TBI have improved significantly over the last decades. Due to an improvement in the survival rates, the number of patients with disabilities has increased [2] . TBI survivors are frequently subjected to neuroprotective therapy with deep sedation and prolonged bed rest [2, 3] . Prolonged bed rest and deep sedation are independent variables for intensive care unit-acquired weakness (ICUAW) [4] . ICUAW is associated with prolonged mechanical ventilation and poor functional prognostics [4] [5] [6] .
The term ICUAW has been established as a clinically-detected weakness in critically-ill patients who can have any number of possible etiologies beyond the critical illness itself [7] . Oftentimes, it is not possible to assess weakness since it only can be investigated in conscious and cooperative patients [8] . The etiology of ICUAW is attributed to polyneuropathy and/or myopathy. It has been demonstrated that patients with ICUAW present muscle atrophy and neuromuscular electrophysiological disorders (NED) [7, 9] . Because muscle atrophy can occur without the presence of ICUAW [10] , a differential diagnosis of ICUAW in these patients must be based on electrophysiological criteria [11, 12] .
Previous studies with critically-ill TBI patients have shown significant muscle atrophy which had developed in the first days of bed rest and persisted until being discharged from the ICU [5, 13] . However, muscle atrophy patterns in the upper and lower limbs as well as its relationship with electrophysiological parameters has not been completely elucidated. Electrophysiological findings in ICUAW have shown sarcolemmal membrane inexcitability and disturbance in compound muscle action potential characteristics [14] . Electrophysiological methods, routinely used to evaluate NED, include nerve conduction studies (NCS), needle electromyography and direct muscle stimulation (DMS) [7, 14] . These tests are considered to be standard methods for diagnosing neuromuscular disease, allowing quantitative grading, type and localization of the neurogenic lesions [14] . However, these tests use expensive devices and require specialized professionals, in addition to being technically difficult to achieve in the ICU setting [7, 14] . As a result, the use of these electrophysiological tests has been questioned [15, 16] .
One surrogate method to detect NED is the stimulus electrodiagnosis test (SET) which evaluates neuromuscular excitability evoked by transcutaneous electrical stimulus [17] [18] [19] . The SET is a non-invasive and low cost test conducted with universal pulse generators. A SET diagnosis is based on the analysis of different neuromuscular responses evoked by pre-established electrical stimuli [17] . This non-specific test does not allow the examiner to determine the physiopathology of the neurogenic lesion or even the contribution of the myopathy in the NED. However, it can be used as an initial screening exam and its results can provide a rational course of action for subsequent NCS and DMS in ICU settings [17] .
The SET has been validated for detecting NED in patients with peripheral nerve disease when measuring chronaxie [17, 20] . Chronaxie is defined as the shorter pulse duration (in microseconds or milliseconds), with a quadratic shape, required for reaching the neuromuscular excitability threshold with a current intensity twice the rheobase [21] . Rheobase is the minimal current intensity necessary to reach the neuromuscular excitability threshold applied with a quadratic pulse with infinite duration (e.g. 1 s) [21] . Chronaxie ranges from 60 to 200 μs in healthy individuals [22] , but NED is diagnosed when chronaxie is ≥1000 μs [17, 23] . Its sensitivity to detect NED ranges from 88 to 100% when compared with needle electromyography [17] . In patients with significant NED, chronaxie values are substantially increased (e.g. ≥ 20,000 μs) [17, 24] . Interestingly, because the SET provides motor excitability thresholds, it has also been advocated as a useful tool to improve neuromuscular electrical stimulation (NMES) protocols [23] .
To date, it has not been documented whether chronaxie is impaired during ICU stays. Early muscle atrophy and NED diagnosis may be the key to improving functionality in critically-ill survivors of brain trauma [7, 9] . The SET could be a surrogate tool for the early detection of the incidence of NED. Thus, the aim of the present study was to assess the incidence of NED and muscle atrophy in mechanically-ventilated TBI patients during their stay in the ICU. Our hypothesis was that the presence of muscle atrophy in these patients could be accompanied by NED as witnessed by higher values of chronaxie.
Material and methods

Study design
This prospective observational study was conducted between May 2014 and June 2016 in a public hospital in Brasilia (Brazil) after approval from an institutional ethics committee. Written consent was obtained from the closest responsible family member, since all patients were intubated and sedated at enrollment.
Patients
All TBI patients admitted to the ICU between 18 and 60 years old and mechanically ventilated were included in the study. Exclusion criteria were: pregnancy, body mass index N35 kg/m 2 , pre-existing neuromuscular disease, chronic renal insufficiency, autoimmune diseases, bone fractures or skin lesions at the evaluation site, uncontrolled cranial hypertension, or clinical suspicion of brain death. The sample size power for all variables (chronaxie, incidence of neuromuscular electrical physiological disorder, thickness and echogenicity) was defined a priori with 5 subjects using the software G*Power version 3.1.3, (Kiel University, Kiel, Germany), with an alpha level = 0.05 and a power (1-β) = 0.8 to detect statistical differences.
Assessments methods and time points
During the first 24 h of mechanical ventilation (day 1) patients were included in the study and assessed using the SET and B-mode ultrasonography. All measures were repeated on days 7 and 14. These time points were chosen based on previous publications which demonstrated significant changes in the studied parameters [12, 25] .
Stimulus electrodiagnosis test (SET)
The presence of NED was evaluated with a universal pulse generator (Dualpex 071, Quark Medical LTDA, Piracicaba, Brazil). The SET was carried out in three muscles: biceps brachialis (BB), rectus femoris (RF) and tibialis anterior (TA). A reference electrode (positive) with an area of 100 cm 2 was placed at the ankle for all measurements. The motor point was determined using an active pen electrode (negative) with an area of 1 cm 2 as has been previously described [26] . The site of the motor point identified was marked with indelible ink to avoid different positions over time.
For rheobase measurement (the minimal intensity necessary to reach neuromuscular excitability threshold with infinite pulse duration), the current was increased from 0 to 69 mA in 1 mA increments until there was a slight but clearly visible muscle contraction. Stimulation was performed with a rectangular pulse duration of 1 s and a rest interval of 2 s [17] . For chronaxie measurement, the pulse duration was increased from 20 μs to 1 s in 100 μs increments until 1000 μs and then by 1000 μs increments until there was a slight but clearly visible muscle contraction [17] .
All patients had no fever at the moment of assessment. Local body temperature was measured with an infrared thermometer (RC001 Pro, NCS, Barueri, Brazil) before each test. All patients were ensured to have local body temperatures N33°C as has been previously recommended [12] .
B-mode ultrasonography
Muscle thickness and echogenicity were measured using a portable B-mode ultrasound device, M-Turbo® (Sonosite, Bothwell, WA, USA). The assessment of muscle thickness using ultrasonography is a valid and reliable alternative for measuring muscle structures [27] . The decrease in muscle thickness expresses muscular atrophy [28] . A watersoluble transmission gel was applied to the measurement site and a 7.5 MHz ultrasound probe was placed perpendicular (transversal positioning) to the tissue interface without depressing the skin. Measurement of thickness was carried out in three muscles: BB, RF and TA. Probe placements and measurements were achieved according to previous recommendations [29] . During BB image acquisition, a probe was placed at two-thirds of the distance from the acromion to the cubital fossa. BB thickness (including the underlying brachialis muscle) was measured between the uppermost part of the bone echo of the humerus and the superficial fascia of the biceps. For RF, the probe was placed midway between iliac spine and the superior border of patella. RF thickness was measured between the uppermost part of the bone echo of the femur and the superficial fascia of the rectus femoris (which includes the rectus femoris and vastus intermedius muscles). For TA, the probe was placed at one-quarter of the distance from the inferior aspect of the patella to the lateral malleolus. TA thickness was assessed between the interosseous membrane (next to the tibia) and the superficial fascia of the tibialis anterior. Measurements were taken at standard locations over the 14 days. All points were marked with indelible ink to ensure proper replacement over the 14 days. Muscle thickness and echogenicity were measured with the three best images acquired using ImageJ software (http://imagej.nih.gov/ij/) [30] . A region of interest was selected in each muscle using a tracing technique [31] to include all visible muscles in the ultrasonographic image without any bone or surrounding fascia. In all three images, the region of interest had similar area size. The mean echogenicity of the region of interest was calculated (8-bit resolution, resulting in a number between 0 and 255, where black = 0, white = 255) and averaged over the three measurements per muscle [32] . One trained technician performed all evaluations with intraclass correlation coefficients of 0.99 and 0.98 for muscle thickness and echogenicity, respectively.
Statistical analysis
Normality of the data was tested with the Shapiro Wilk test and parametric and non-parametric tests were used, given the characteristics of the data. The major variables were described as the mean and 95% confidence intervals (95% CI). Differences of each muscle over the 14 days for chronaxie, muscle thickness and echogenicity were analyzed with repeated-measures ANOVA corrected with GeisserGreenhouse and the Tukey test for multiple comparisons. To evaluate categorical variables (presence or non-presence of NED) the McNemar test was used. A statistically significant difference was assumed when p b 0.05 and power (1-β) N 0.8. Data were analyzed using the software Graphpad Prism version 6 (Graphpad Software, Inc., San Diego, California, USA).
Results
Of the 1530 patients enrolled in the ICU, 147 patients were potentially eligible for the study and 49 were included. Twenty two patients finished the 14 day follow-up and were analyzed. More details can be seen in the flowchart diagram (Fig. 1) . Baseline characteristics of the patients are shown in Table 1 . The chronaxie variation over time for every muscle is shown in Fig. 2A . Statistically-significant differences were detected for TA when comparing day 1, 400 μs (95% CI: 300-500), and day 14, 1500 μs (95% CI: 700-2250) (p = 0.01). No significant differences were obtained over time for RF and BB (p = 0.24 and p = 0.28, respectively).
The follow-up from day 1 to day 14 ( Fig. 2B) showed a significantly increased incidence of NED in TA. The incidence of NED in the TA was 5% in the first 24 h, 24% at day 7 and 48% at day 14 (day 1 vs. day 14 p = 0.004). Although the incidence of NED increased from day 1 to day 14 in RF and BB, no statistical differences were observed.
The TA rheobase over time was: 5 mA (95% CI: 4-7) on day 1, 7 mA (95% CI: 5-9) on day 7 and 5 mA (95% CI: 3-7) on day 14. No statistical differences were detected. RF presented significant differences between rheobase on day 1 and day 14; p = 0.01: day 1, 12 mA (95% CI: 10-14); day 7, 19 mA (95% CI: 13-24); day 14, 24 mA (95% CI: 15-33). No differences were obtained for BB rheobase over time: day 1, 4 mA (95% CI: 3-6); day 7, 6 mA (95% CI: 3-8); day 14, 6 mA (95% CI: 4-8). RF had higher rheobase values than the other muscles. Statistical differences were detected on day 1 and day 14 when compared with TA, p = 0.02 and p = 0.0001 respectively. When comparing the rheobase of RF with BB, significant differences were detected at all time-points: day 1, p = 0.003; day 7, p = 0.0007; day 14, p = 0.0002.
The muscle thickness and echogenicity characteristics over time are shown in Fig. 3 . Statistically significant reductions were detected for all muscles when comparing muscle thickness on day 1 with day 14: RF, p = 0.0001; TA, p = 0.0001; BB, p = 0.0004. The percentages of muscle wasting relative to the initial thickness of each muscle at day 14 were 22% in RF, 19% in TA and 12% in BB. However, there is no statistical difference in the magnitude of loss between muscles. Echogenicity presented significant differences for TA and RF. Echogenicity difference in 
Discussion
The main findings of the present study support the hypothesis that mechanically-ventilated TBI patients not only develop muscle atrophy, but also can present NED as detected by the SET. It was shown that TA was markedly affected with a significant incidence of NED. The SET is a low-cost tool that can detect NED early and can provide complementary information for classical electrodiagnostic testing [17, 20, 33] . The most used tests for the diagnosis of NED are NCS and DMS, but their application in the ICU can be infeasible [14] . Thus, the SET can potentially be used as an initial screening test to assess the presence of NED and from there can serve to be instructive for additional and more specific and complex exams. Moreover, it could be useful to determine NMES characteristics for improving muscle strengthening [24] . To our knowledge, this is the first study to investigate the incidence of NED using the SET in critically-ill patients.
All three muscles had statistically-significant decreases in thickness at day 14, but the TA had the most striking development of NED (48% of patients at day 14). This singular piece of information can help rehabilitation teams to act in time using specific treatments. TA has an important role for walking independence and speed in patients with disabilities [34, 35] . It is possible to suggest that the treatment of this muscle might provide more functionality for patients upon discharge from the ICU. This predominant incidence in TA reinforces previous publications using biopsy and/or needle electromyography tests that demonstrated higher incidences of axonopathy in the peroneal nerve [12, 36, 37] . Thus, our results caution that, despite being a smaller muscle compared to the RF, the TA should be always considered for treatments and/or monitoring.
The involvement of the peroneal nerve seems to be inevitable in patients with ICUAW [12] . One hypothesis is related to the nerve length. Indeed, this is the longest nerve in the body and it might become more vulnerable to the energy deficit caused by tissue ischemia or dysoxia [12, 38, 39] . Collectively, it has been suggested that NED found in critically-ill patients is associated with microvascular injury resulting from nerve ischemia, neural mitochondrial dysfunction and axonal degeneration [40, 41] . These patients present E-selectin expression in the peripheral-nerve vascular endothelium which can suggest the presence of endothelial-cell activation and microvascular leaking [42] . The nerve blood supply is impaired and it may explain axonal degeneration. Also, vital nutrients (such as proteins) must be transported from the bodies of nerve cells to the axons. This process involves significant energy consumption and an adequate blood supply is mandatory for ATP production [38] . The longer the nerve is, the greater the neuron cell effort will be to send nutrients to the periphery and subsequently the greater the risk of failure will be.
Beyond the effect of biomarkers on microvascular physiopathology, it seems that hydrostatic factors can influence the energy supply to muscles and nerves. The body position imposed during bed rest can be associated with greater impairments of lower limbs over upper limbs. A long-maintained supine position (N 8 h) can induce a disturbance in tissue fluid redistributions. Normal daily activity involves about 16 h of upright position, which includes mainly sitting, walking and standing. During the other 8 h, humans sleep in a horizontal position [43] . In the upright position in healthy individuals, arterial blood pressure is lower in the head (e.g. 70 mmHg) than in the arms (e.g. 100 mmHg) and higher in the feet (e.g. 200 mmHg) [43] . The same person in a horizontal position would register 100 mmHg in all three areas [43] . These changes in capillary pressure can adversely affect microvascular physiology and cellular nutrition, producing more injuries [40, 41] .
However, the true relationship between fluid shifts and neuromuscular disturbances must be better established [43, 44] .
Despite no statistical significant incidence of NED in RF and BB, an increase was observed more specifically for RF with an incidence of 18% on day 14 (chronaxie reaching 850 μs, on average). This is a relevant finding that can directly affect treatment and functional outcomes of critically-ill patients. Fernandes et al. [20] demonstrated that chronaxie can be used to monitor neural regeneration. A rise in chronaxie values can be interpreted as having poor responses to treatment and/or worsening in functional condition [20] . It is important to establish which muscles and nerves are more affected and when disturbances occur during ICU stay [6] . Thus, more personalized and specific treatments, such as NMES based on chronaxie, can be recommended for patients with NED [23] .
Recognition of NED as an important and potentially long-term manifestation of critical illness has inspired efforts to identify preventive or therapeutic interventions including programs centered on early mobilization [7, 45, 46] . One of the most promising devices used to ameliorate deleterious effects of prolonged bed rest in non-collaborative patients is NMES [5, 47, 48] . NMES has been recommended for rehabilitative purposes to prevent ICUAW [49] . However, the effectiveness of this treatment has not been clearly established, since conflicting results have been presented in systematic reviews [47, 48] . It might be related to different NMES characteristics used in the trials, but also to the heterogeneity of the treated patients. Pulse durations currently used in NMES protocols for treating critically-ill patients ranged from 250 to 500 μs [5, 47, 50, 51] . However, in the presence of NED, these pulse durations might be insufficient to generate adequately evoked torque [52] [53] [54] . Studies on healthy individuals have shown that strength gains are directly linked to the amount of electrically-evoked torque [55, 56] . Thus, Silva et al. [23] , recommended NMES protocols for critically-ill patients producing effective muscle contraction (level 5 as had been classified by Segers et al. [54] ). It is possible to advocate that the adjusted pulse duration based on chronaxie may be the key for improving NMES outcomes in the ICU.
We showed that RF presented higher values of rheobase compared to TA and BB and that values increased significantly over time. Rheobase is directly correlated with the tissue's electric impedance. The higher the electric impedance, the higher the rheobase. It has been demonstrated that fat and edema increase electrical impedance of tissues, increasing the necessity for higher electrical charges to produce muscle contraction [57, 58] . It was demonstrated that a stimulus of 50-60 mA is required for supramaximal stimulation in anesthetized patients [59] . In critically-ill patients without peripheral edema, Haper et al. [57] found the same stimulus current was required. However, the presence of edema increased the current required for supramaximal stimulation [57] . These authors hypothesized that edema decreases the current density available for nerve stimulation [57] . This premise may explain some difficulties in evoking satisfactory muscle contractions by NMES in the quadriceps femoris of critically-ill patients [54, 60] .
We also demonstrated that mechanically-ventilated TBI patients have widespread muscle atrophy. No difference in the magnitude of muscle loss was detected between TA, RF and BB. Our results are in agreement with a previous study [5] . Hirose et al. [5] , in a similar population to ours, detected no differences in muscle loss between anterior thigh muscle compartment (quadriceps femoris) and the anterior leg muscle compartment (tibialis anterior) after 42 days of bed rest. Recently, Haaf et al. presented disparate results with greater muscle loss detected in the upper limbs than in the lower limbs [13] . It has been demonstrated in healthy volunteers on bed rest that the losses in lower limb muscles are greater than those in the upper limb musculature [44] . Moreover, studies showed that more losses of type II fibers were detected both in healthy volunteers and critically-ill patients on bed rest [6, 44] . Thus, muscles with predominant type II fibers would have more decreases in cross-sectional area [6, 44] . Some landmark studies on fiber type classification have demonstrated that RF predominantly presented type II fibers, TA presented a greater distribution of type I fibers and BB presented a slight predominance of type II fibers [61] [62] [63] . Based on fiber type characteristics, we should expect a higher loss in RF than BB and a lower loss in TA. However, it seems that many other factors can be involved in muscle atrophy in critically-ill patients [6, 13, 43] . So far, it was not completely elucidated all the factors that can influence the magnitude of loss in each muscle group for patients in the ICU.
We detected significant decreases in muscle quality in TA and RF. Parry et al. [6] confirmed that patients with better functional outcomes had superior muscle quality [6] . Their results suggested that echogenicity can be a marker of functional prognosis and outcomes. We showed that NED is intrinsically linked with muscle quality mainly in TA, in accordance with previous research [64] . Interestingly, Grimm et al. [64] confirmed the applicability of ultrasonography as a tool for assessing NED in critical illness. These authors found that patients with NED confirmed by needle electromyography, displayed greater values of echogenicity. Although, we had used the SET to measure NED, our results are concordant with the outcomes by Grimm et al. [64] . Our results presented no significant changes in BB echogenicity. It can be related to fluid redistribution. Blood pressure in the arms while in the upright position is almost the same in the supine position [43] . Therefore, no alteration in blood pressure is provoked in the arms as has been demonstrated in the legs. It could decrease the impact of bed rest on upper limbs [44] . Moreover, the significant modifications in TA and RF muscle quality demonstrated in the present study can be also associated to the greater muscle losses in lower limb muscles compared to the BB [6] .
It is important to describe some limitations of the present study. It was not possible to compare our results with functional and strength testing due to the consciousness level of our patients. We could not perform NCS and/or direct muscle stimulation to compare with the measurements by the SET for accuracy determination. Finally, we studied a specific ICU population, thus the generalization of our results is limited. Future studies with the SET should be developed to investigate the presence of NED using a larger sample size and in other populations such as critically-ill patients with heart failure, chronic obstructive pulmonary disease, and sepsis.
Conclusions
It was demonstrated that mechanically-ventilated TBI patients can present NED in addition to widespread muscle atrophy. TA and RF showed a significant atrophy and decrease in muscle quality. However, TA had the highest incidence of NED. Despite TA being a small muscle, it should be always considered for treatment and/or monitoring. Since a rise in chronaxie values can predict worsening in neuromuscular condition, it can be used for monitoring patient's progress and for guiding more specific electrophysiological exams.
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